InGaN / GaN multiple-quantum-well ͑MQW͒ blue and green-light-emitting diodes ͑LEDs͒ were grown on sapphire substrates using metalorganic vapor phase epitaxy. High-resolution transmission microscopy shows that a much larger density of stacking faults exist in the quantum-well region of the blue LEDs than in the green LEDs. In the green LEDs, the blueshift in the electroluminescence ͑EL͒ emission energy at larger driving currents is more prominent than in the blue LEDs, which is explained by different strength of quantum-confined Stark effect as a result of different piezoelectric field intensity by different scales of strain relaxation in the blue and green MQWs. The steady broadening of the EL emission energy linewidth on the higher energy side with the increase of the driving current was observed in both blue and green LEDs, which is attributed to the band filling effect. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1866634͔
III-nitrides have been demonstrated as a successful material system for the fabrication of high brightness lightemitting diodes ͑LEDs͒ in the spectral range from ultraviolet to blue and green.
1 Large lattice mismatch and thermal expansion coefficient mismatch between the sapphire substrate and the epitaxial layers result in high density defects, primarily threading dislocation up to 10 10 cm −2 through the InGaN / GaN multiple quantum wells ͑MQWs͒. Nevertheless, the radiative recombination efficiency of these QWs is surprisingly high. Localized energy states were shown by the large Stokes shift between adsorption and emission energy in the InGaN / GaN QWs.
1
Later evidences from cathodoluminescence, 2 transmission electron microscopy ͑TEM͒, 3, 4 and near-field scanning optical microscopy 5 show the formation of quantum dot ͑QD͒-like structures due to the nonuniform distribution ͑clustering͒ of indium inside the InGaN well region, leading to potential minima for localized carrier recombinations. On the other hand, QW emission energy shift caused by the laser excitation variation, 6 QW doping variation, 7 or QW strain adjustment 8 suggests the existence of quantum-confined Stark effect ͑QCSE͒ induced by the strong built-in piezoelectric field in the highly strained InGaN / GaN QWs.
Although much effort had been put on the study of the carrier localization effect and the QCSE of InGaN / GaN QWs, it usually focused on the QWs with the emission in a narrow spectral range, either blue or green. In this work, we attempt to correlate the emission mechanisms with the electroluminescence ͑EL͒ of standard LEDs by comparing blue and green LEDs on the epitaxial growth process, as well as the material characteristic and the device performance. Highresolution x-ray diffraction ͑HRXRD͒ and high-resolution TEM ͑HRTEM͒ were used to examine the QW characteristics. The dependence of EL emission energy and linewidth on the driving current was used to analyze the QCSE and the band filling effect.
All the LED samples were grown by metalorganic vapor phase epitaxy on c-plane sapphire substrates in an Aixtron 2000HT system. The active region consists of five periods of InGaN / GaN QWs, sandwiched by a 2 m Si-doped n-GaN layer and a 0.1-0.2 m Mg-doped p-GaN top contact layer. The well thickness, the barrier thickness, and the indium composition are different for the blue and green LEDs. In the blue LED, quantum wells and barriers were grown at a constant temperature of 780°C, while in the green LED, the wells were grown at 760°C and the barriers were grown at 950°C. Higher growth temperature is preferred to grow the GaN barriers of the green LEDs in order to increase the residual strain and suppress defect formation in the barrier layers.
9,10 p-type GaN contact layer growth conditions were optimized separately at 1060°C and 1010°C for the blue and green LEDs, respectively. Lower p-type GaN growth temperature in the green LEDs was used to prevent the formation of metallic indium inclusions through the decomposition of high indium-percentage InGaN in the QWs.
11 LED devices were fabricated using standard processing for nitride based materials. tices ͑MQWs͒. The difference in the satellite peak spacing between the blue MQWs and the green MQWs designates different QW superlattice periods. The fact that high order satellites ͑fifth order for the green LEDs and second order for the blue LEDs͒ can be clearly distinguished in a 3°scan range shows very good InGaN / GaN interfaces. Empirical simulation using Philips X'pert Epitaxy and Smoothfit based on Takagi-Taupin equations was used to extract information such as superlattice period and alloy composition. Well/ barrier width and indium composition were estimated to be around 20 Å / 80 Å and 20% for the blue LEDs, and 30 Å / 150 Å and 25% for the green LEDs.
Figures 2͑a͒ and 2͑b͒ are the cross-sectional HRTEM observation of the blue and green MQWs. Five QWs can be clearly identified in both images. The estimated dislocation density from the HRTEM images of lower magnification is at the order of 10 9 cm −2 for both blue and green MQWs. This is reasonable because the growth of the GaN nucleation layer and the GaN buffer layer in both LEDs was the same. Most of the dislocations do not originate in the QW layers, but originate in the layers underneath the QW, especially in the low temperature grown GaN nucleation layer due to the lattice mismatch between the sapphire substrate and the GaN epitaxial layer. The dark contrast clearly shows that the QW is not uniform. The measured well and barrier widths are in good agreement with the XRD simulation. Two blue wells in the horizontal direction and one green well from the top left to the right bottom can be distinguished in Figs. 2͑c͒ and 2͑d͒. It is interesting to note that stacking fault defects exist in the well region of both blue and green MQWs. However, the density is much larger in the blue MQWs than in the green MQWs. In addition, in the blue MQWs, between the two nearby stacking faults there is often a small dark contrast area which is most likely an indium rich region. There are many reports that in the HRTEM images the contrast in the InGaN well region corresponds to the difference in the indium distribution. 3, 12 The lateral size of this dark contrast area is normally several nanometers which is consistent with the reported QD size. 4 We believe that the stacking fault defects come from the strain relaxation around the indium rich QD regions. Since the indium composition in the blue MQWs is less than that in the green MQWs, theoretically the lattice constant difference induced strain and the possibility of strain relaxation should be smaller in the blue QW. Higher growth temperature improves the crystalline quality of the GaN barrier in the green MQWs in which the strain is mostly preserved where in the blue MQWs relatively lower growth temperature leads to GaN barrier with lower crystalline quality in which the strain is partially relaxed through the stacking fault defects. It is the different growth processes that make the difference in the strain relaxation between the blue and green MQWs, despite the fact that the relaxation tends to occur more easily in the green MQWs because of the larger strain. Different degree of strain relaxation in the blue and green MQWs will then lead to different EL characteristics in the blue and green LEDs.
The EL performance is shown in Fig. 3 . A violet LED is also included for comparison as an extreme case of blue LEDs, because violet LED growth differs from blue LED growth only by TMI flow, well, and barrier growth time. EL measurements were performed at room temperature, and the devices were continuously driven at each current point until stable EL spectra were taken to minimize the heat accumulation. At the typical test current of 20 mA, on-wafer measured output power is more than 1.2 mW for all three LEDs, which will eventually yield about 3 mW output power after packaging. Without thinning of the sapphire substrate and special heat sinking in performing the measurements, the L-I curve become slightly nonlinear after 30 mA for the green LED because of the lack of fast heat dissipation. The emission wavelengths at 20 mA were 414, 457, and 514 nm for the violet, blue, and green LEDs, respectively. The high quantum efficiency despite high density dislocations and additional high density stacking faults in the blue MQWs is attributed to the carrier localization resulting from the nonuniform distribution of indium composition. The carriers are confined in the potential minima and recombine radiatively without reaching the defects. As shown in Fig. 3͑a͒ , all three emission peaks blueshift somewhat at very small driving currents, however, the blueshift is more prominent in the green LED and the emission energy tends to stabilize only when the driving currents are larger than 40 mA while in the blue and violet LEDs the emission energies stabilize at much smaller currents. The emission energy full width at half maximum ͑FWHM͒ shown in Fig. 3͑b͒ has no trend of saturation for all three LEDs even at the maximum measured current of 50 mA. The emission energy FWHM is the largest for the green LED and the smallest for the violet LED because higher indium composition presumably has larger indium composition fluctuation. In addition, the broadening of the EL emission is mainly on the higher energy side, as illustrated in Fig. 4 , where the emission energy peaks of the green LED are lined up at the stabilized position to compare the FWHM at different driving current. Carrier screening effect and band filling effect play different roles in the observed EL characteristics. The emission energy blueshift of the LEDs can be interpreted by the screening of the huge strain-induced piezoelectric field unique in the III-nitride material systems, while the increase of the emission energy FWHM is the commonly known band filling effect. Because the strain in the violet and blue LEDs is smaller due to the smaller lattice mismatch between the GaN barrier and the InGaN well as well as additional strain relaxation through the stacking fault defects, the piezoelectric field is weaker and a smaller density of injected carriers could fully screen its effect. When the piezoelectric field is close to be fully screened, the blueshift of the emission peak stops. But in the green LEDs, the piezoelectric field is so large that carriers injected by a driving current smaller than 40 mA are not enough to fully screen it and the emission energy keeps shifting in the blue direction until it gradually reaches saturation. The band filling effect can presumably cause the emission energy blueshift also. However, with 10%, 20%, and 25% of indium composition and similar quantum efficiency for the violet, blue, and green MQWs, respectively, we believe they have similar step-like two-dimensional density of states ͑DOS͒ which is proportional to the electron and hole DOS effective mass. If band filling were the dominant effect, the emission energy blueshift at high driving currents of the violet and blue MQWs would have been similar to that of green MQWs. The fact that the emission energies of the violet and blue MQWs barely shift at larger current indicates that carrier screening rather than band filling plays the dominant role in the emission energy blueshift mechanism. It is true there are many reports of the emission energy blueshift in the InGaN / GaN MQW blue LEDs. This is possibly a result of strong residue strain remaining in their LED structures built up during the growth process. The residue strain is growth ͑high temperature process͒ history dependent, and different growth processes will yield different residue strain even though the device structures are presumably identical. On the other hand, the band filling explains the broadening of the emission energy width. At larger driving currents, radiative recombination from higher energy states will occur because there are more injected carriers and the possibility of higher energy states being filled with the excited carriers is larger. But most of these excited carriers at the higher energy states relax to the ground states and the ground state recombinations still dominate the EL emission, while only a small amount can directly recombine and emit light of larger energy. With the increase of the carrier injection up to the maximum measured current of 50 mA, the carriers gradually reach higher energy states, and the EL emission became broader on its higher energy shoulder. The larger slope of the emission energy FWHM increase with the driving current of the green LED is because of its larger indium composition fluctuation hence the wider energy states distribution.
In conclusion, we studied blue and green LEDs grown by the same tool with different MQW growth processes. It was found that the stacking fault density is much higher around the well region of the blue LEDs. Strong carrier localization enhances the internal quantum efficiency in spite of large density of threading dislocations and stacking faults. The residual strain in the green LEDs is larger than that in the blue LEDs due to different growth processes. The emission energy blueshift with the increase of the driving current is attributed to the decrease of QCSE by the carrier screening while the increase of the emission energy FWHM is attributed to the band filling effect. 
